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BACKGROUND: This study was addressed to the quality loss of European hake 
(Merluccius merluccius) during frozen storage. Its objective was to comparatively 
analyse the effect of a previous high-pressure processing (HPP) (150 MPa for 2 min) 
when different storage temperatures (–10, –18 and –30 ºC) were employed.  
RESULTS: Most chemical quality indices (trimethylamine, TMA; dimethylamine, 
DMA, formaldehyde, FA; free fatty acids, FFA) provided a marked content increase 
with freezing and frozen storage time, values being higher by increasing the storage 
temperature. Previous HPP led to an inhibitory (p<0.05) effect on the TMA, DMA, FA 
and FFA formation in frozen fish kept at –10 and –18 ºC, the preservative effect being 
higher at the highest temperature tested; however, in agreement to the low damage 
development, no effect could not be proved on samples stored at –30 ºC. Concerning 
lipid oxidation, peroxides formation was found low, although a slight increasing effect 
(p<0.05) was implied in fish corresponding to all temperatures as a result of the 
previous HPP; furthermore, an inhibitory effect (p<0.05) on fluorescent compounds 
formation (tertiary lipid oxidation) was evident after freezing and at month 9 for –10 ºC 
samples. 
CONCLUSION: It is concluded that a 150-MPa high-pressure treatment may inhibit 
the formation of degradative molecules such as DMA, FA, TMA and FFA during the 
frozen storage at –18 ºC (maximum recommended) and –10 ºC. However, results have 
indicated that lowering the storage temperature showed to be more effective than the 
current HPP (150 MPa for 2 min). 
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INTRODUCTION 
High-pressure processing (HPP) is currently accepted as an attractive technology 
for food preservation. Its effects have proved to be uniformly and nearly instantaneously 
distributed throughout the food sample and consequently, independent of food geometry 
and equipment size.1,2 Related to marine foods, main profitable advantages of HPP have 
addressed the fact that microbial and parasite populations as well as endogenous 
enzymes have shown to be inactivated.3-5 
 Fish species belonging to the Gadoid group (hake, cod, haddock, whiting, etc.) 
can provide highly important commercial products in agreement to their great consumer 
acceptance and their large catches in most West-European countries. As for most frozen 
lean fish species, protein denaturation has been signalled as a major problem, thus 
leading to marked off-odour development and texture losses.6,7 Different damage 
mechanisms have been proposed to explain such protein denaturation: a) protein 
interaction with deteriorative molecules such as formaldehyde (FA) and oxidised and 
hydrolysed lipids, b) protein dehydration during freezing due to the formation of ice 
crystals, and c) protein micro-environment modification as a result of the salts 
concentration in the surrounding liquid phase.8,9 
 Among Gadoid species, European hake (Merluccius merluccius) represents an 
important overall catching and consumption as a result of its excellent organoleptic 
This article is protected by copyright. All rights reserved.
 
 
properties. Hake frozen storage has provided a profitable way to enlarge its 
consumption while retaining its quality. However, when large storage periods are 
needed or convenient temperatures are not maintained (i.e., breakdown of the cold 
chain) different kinds of damage events have shown to be produced; among them, 
structural changes10 and formation of FA and volatile amines,11 free amino acids12 and 
lipid damage compounds13 have proved a marked effect on quality loss. 
Among the different advanced technologies, HPP has been applied in order to 
enhance quality of hake products. Thus, a preservative effect on physicochemical 
properties of isolated sarcoplasmic14 and myofibrillar15 proteins was proved. However, 
Carrera et al.16 analysed the effects of HPP on muscle proteome by using bottom-up 
proteomics strategies; as a result, the employment of a high-pressure level ≥ 430 MPa 
led to a marked denaturation and aggregation of most enzymes. Furthermore, inhibition 
of Anisakis simplex L3 presence in fresh hake was achieved by Vidacek et al.17 
Concerning frozen (5 months at –10 ºC) hake, an inhibitory effect on the formation of 
deteriorative compounds such as volatile amines, FA and free fatty acids (FFA) was 
observed by Vázquez et al.18 if previously treated under HPP (150-450 MPa for 2 min). 
Under the same high-pressure and frozen storage conditions,19 the analysis of 
mechanical properties and visual appearance of frozen hake showed that the 
employment of a low-pressure level (i.e., 150 MPa) would adequately retain sensory 
and physical properties when compared to fresh fish. 
This study was addressed to the quality loss of European hake (Merluccius 
merluccius) during frozen storage. Its objective was to comparatively analyse the effect 
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of a previous HPP (150 MPa for 2 min) when different storage temperatures were 
employed, a special stress being given to the maximum permitted temperature (i.e., –18 
ºC). For it, the formation of degradative molecules (volatile amines, FA, FFA and lipid 
oxidation compounds) related to quality loss was comparatively analysed. 
 
MATERIALS AND METHODS 
Raw fish, processing, storage and sampling 
European hake (186 individuals) were caught near the Galician Atlantic coast 
(North-Western Spain) and transported under ice to the laboratory. The length and 
weight of the specimens ranged 28.5-31.5 cm and 185-215 g, respectively. Upon arrival 
to the laboratory, six individuals were separated and divided into three groups (two 
specimens per group) that were analysed independently (n = 3) as initial fresh fish.  
The remaining fish individuals were placed in flexible polyethylene bags (30 
bags; six individuals per bag), vacuum-sealed at 150 mbar (Vacuum Packaging 
Machine Culinary, Albipack, Águeda, Portugal) and divided into two groups (15 bags in 
each group). Bags corresponding to one of such groups were kept at –40 ºC for 48 h and 
then divided into three batches (5 bags in each batch) that were stored, respectively, at –
10, –18 and –30 ºC. Such batches were considered as control fish, respectively, for the 
three storage temperatures.  
Fish corresponding to the other group were submitted to HPP (150 MPa for 2 
min) in a 55-L high pressure unit (WAVE 6000/55 HT; NC Hiperbaric, Burgos, Spain). 
For it, water was applied as the pressurising medium at 3 MPa s-1 yielding 54 s as the 
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come up time, decompression time being less than 3 s. Cold pressurising water was 
used to maintain temperature conditions during high-pressure treatment at 18.8-21.0 ºC, 
the fish temperature being in the 9-10 ºC range. After HPP, bags were kept at –40 ºC for 
48 h and then divided into three batches (5 bags in each batch) that were stored, 
respectively, at –10, –18 and –30 ºC.  
For both groups (high-pressure treated and control), sampling was carried out at 
month 0 (after freezing; 48 h at –40 ºC) and after 3, 6, 9 and 12 months of frozen 
storage, except for the study at –10 ºC that was stopped at month 9 due to the high level 
of deterioration. Three replicates (n = 3) for each technological condition were 
considered and analysed independently at each sampling time. Each analysis was 
carried out on the corresponding extract from the fish white muscle pooled from two 
fish individuals. All solvents and chemical reagents used in the current study were of 
reagent grade (Merck, Darmstadt, Germany). 
 
Volatile amines formation 
Trimethylamine (TMA)-nitrogen (TMA-N) values were determined using the 
picrate spectrophotometric (410 nm) method (Beckman Coulter DU 640 
spectrophotometer), as previously described by Tozawa et al.20 This method involved 
the preparation of a 50 g·L-1 trichloroacetic acid (TCA) extract of fish white muscle (10 
g in 25 mL TCA). Results were calculated as mg TMA-N·kg-1 muscle. 
Dimethylamine (DMA)-nitrogen (DMA-N) content was determined in the 50 g 
L-1 TCA extract of fish white muscle (10 g in 25 mL TCA) using the 
This article is protected by copyright. All rights reserved.
 
 
spectrophotometric (431 nm) method of Dowden.21 This method is based on the specific 
complex formation from secondary amines in the presence of a copper salt and carbon 
sulphur in basic medium. Results were calculated as mg DMA-N·kg-1 muscle. 
 
Formaldehyde assessment 
Extraction of FA from fish muscle was carried out according to Rey-Mansilla et 
al.11 FA content was determined by the spectrophotometric (412 nm) method of Nash22 
and expressed as mg·kg-1 muscle. 
 
Lipid damage analyses 
Lipids were extracted from the hake white muscle by the Bligh and Dyer23 
method, which employs a single-phase solubilisation of the lipids using a chloroform-
methanol (1:1) mixture. The results were calculated as g lipid·kg-1 muscle. 
FFA content was determined using the lipid extract of the fish muscle by the 
Lowry and Tinsley24 method, which is based on complex formation with cupric acetate-
pyridine followed by spectrophotometric (715 nm) assessment. The results were 
expressed as mg FFA·kg-1 muscle. 
Peroxide value (PV) was determined spectrophotometrically (520 nm) on the 
lipid extract by peroxide reduction with ferric thiocyanate, according to Chapman and 
McKay.25 The results were calculated as meq. active oxygen·kg-1 lipids. 
The formation of fluorescent compounds (Fluorimeter LS 45; Perkin Elmer 
España; Tres Cantos, Madrid, Spain) was determined in the aqueous phase resulting 
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from the lipid extraction of the fish muscle23 by measurements at 393/463 and 327/415 
nm as described previously.26 The relative fluorescence (RF) was calculated as follows: 
RF = F/Fst, where F is the fluorescence measured at each excitation/emission 
wavelength pair and Fst is the fluorescence intensity of a quinine sulphate solution (1 
µg·mL-1 in 0.05 M H2SO4) at the corresponding wavelength pair. Results were 
calculated as the fluorescence ratio (FR), which was calculated as the ratio between the 
two RF values: FR = RF393/463 nm/RF327/415 nm. 
 
Statistical analysis 
Data obtained from all chemical analyses were subjected to the ANOVA method 
to explore differences resulting from the effect of the previous HPP. The comparison of 
means was performed using the least-squares difference (LSD) method. In all cases, 
analyses were carried out using the PASW Statistics 18 software for Windows (SPSS 
Inc., Chicago, IL, USA); differences among batches were considered significant for a 
confidence interval at the 95 % level (p < 0.05) in all cases. 
 
RESULTS AND DISCUSSION 
TMA formation 
A marked TMA formation resulting from the freezing step was observed in 
high-pressure treated and control samples (Table 1). Furthermore, results concerning the 
TMA formation throughout storage can be considered as very different depending on 
the temperature considered. However, values obtained remained in all cases below the 
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threshold value for this fish species (50 mg TMA-N kg-1 muscle).27 Thus, a strong 
formation with storage time could be observed in samples stored at –10 ºC, average 
values being lower in those that were previously submitted to HPP; such differences 
were found significant (p < 0.05) at months 3 and 9. In the case of taking into account 
fish stored at –18 and –30 ºC, a moderate increase with storage time was implied in both 
high-pressure treated and control samples. Concerning –18 ºC samples (maximum 
recommended storage condition), an inhibitory effect on TMA formation was implied 
as a result of previous HPP; thus, lower average values were obtained in high-pressure 
treated fish throughout the whole study, differences being significant (p < 0.05) at 
months 3, 6 and 12. Samples stored at –30 ºC did not provide significant differences (p 
> 0.05) as a result of HPP, although higher average values were obtained in the 
previously treated batch (3-12-month period). 
 This inhibitory effect on TMA formation at –10 ºC agrees with previous research 
carried out on frozen hake (2.5 months at –10 ºC) previously submitted to HPP (150 
MPa for 2 min).18 Previous research on frozen fatty fish species (sardine, Sardina 
pilchardus; mackerel, Scomber scombrus) showed an inhibitory effect of previous HPP 
(125-200 MPa for 0 min) on TMA formation only after the freezing step,28,29 while no 
effect could be observed during a further frozen storage (9 months at –18 ºC). 
Interestingly, an inhibitory effect of previous HPP on TMA formation in other kinds of 
marine products has been described. This accounts for refrigerated (28 d at 4 ºC)30 and 
semi-dried31 squid (T. pacificus) after a previous HPP (500 MPa for 0-10 min) as well 
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as for refrigerated (7 d at 4 ºC) and frozen (50 d at –5 and –20 ºC) minced cod (Gadus 
morhua) after previous HPP (193 MPa at –20 ºC).32 
  
Formation of DMA and FA 
 DMA content showed a marked increase after the freezing step in both treated 
and control samples (Figure 1). Then, a progressive increase could be observed 
throughout the frozen storage period in both kinds of samples stored at –10 ºC; lower 
average values were observed in treated fish, although significant differences (p > 0.05) 
were not observed. Contrary, treated and untreated fish stored under –18 and –30 ºC 
conditions revealed a DMA content decrease in the 0-3-month period that was followed 
by a moderate increase in samples stored at –18 ºC, while no further increase could be 
detected in fish stored at –30 ºC. Previous HPP led to lower average values in samples 
stored under –18 ºC condition, although significant differences (p < 0.05) could only be 
detected at month 9. In agreement to the negligible DMA formation at –30 ºC condition, 
no significant (p > 0.05) effect could be demonstrated for the previous pressure 
treatment. Thus, lowering the storage temperature has shown to be more effective than 
the current HPP (150 MPa for 2 min) for reducing the DMA content. 
 FA content analysis provided a general progressive increase throughout the 
frozen storage (Figure 2). This increase was found greater by increasing the storage 
temperature. Comparison between both kinds of samples showed lower average values 
in most cases in previously treated fish corresponding to –10 and –18 ºC; however, 
differences were not found significant (p > 0.05). A definite effect could not be implied 
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in samples corresponding to –30 ºC, although a higher value (p < 0.05) for HPP-treated 
samples was observed at month 9 revealing similar values to control fish at the end of 
the experiment. As for the DMA formation, lowering the storage temperature has shown 
to be more effective than the current HPP for reducing the FA content. 
 Previous research has provided information related to the inhibitory effect that a 
previous HPP may have on the formation of these two molecules during the frozen 
storage. Thus, Vázquez et al.18 showed a marked inhibition of DMA and FA presence in 
frozen (5 months at –10 ºC) hake if previously submitted to high-pressure conditions 
(150-450 MPa for 2 min); this inhibitory effect showed to be lower when applying the 
lowest pressure level (i.e., 150 MPa) in agreement to current results. Furthermore, DMA 
formation was inhibited in other marine products such as minced cod (G. morhua) meat 
(HPP of 193 MPa at –20 ºC followed by storage at 4, –5 and –20 ºC),32 refrigerated 
squid (T. pacificus)30 and semi-dried31 squid (T. pacificus) (HPP of 500 MPa for 0-10 
min followed by storage at 4 ºC for 28 d). Concerning FA formation in a frozen fish 
product, its content showed to be notably reduced in frozen (50 d at –5 and –20 ºC) 
minced cod (G. morhua) meat if a previous HPP (193 MPa at –20 ºC) was applied.32 
 
Lipid hydrolysis development 
 The freezing step led to a marked FFA formation in both treated and non-treated 
samples (Figure 3). Throughout the frozen storage, a strong lipid hydrolysis 
development was observed in all kinds of samples, this development being stronger by 
increasing the storage temperature. Concerning the effect of the previous HPP, lower 
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average values were obtained at all sampling times and at all storage temperatures in 
batches corresponding to the high-pressure treated fish. This inhibitory effect was found 
to be more relevant by increasing the storage temperature tested. Thus, differences were 
found significant (p < 0.05) at –10 ºC (3-9-month period) and at –18 ºC storage (months 
6 and 12) conditions. Contrary, no significant differences (p > 0.05) could be obtained 
when taking into account samples stored at –30 ºC. 
 Lipid hydrolysis development has been recognised as a most important event 
during the frozen storage of a lean fish species.13,26 Indeed, an increasing effect on 
protein denaturation and aggregation during fish frozen storage has been mentioned.6,12 
This degradative pathway has been signalled as the result of an increased hydrolytic 
endogenous enzyme (lipases, phospholipases) activity during the frozen storage.33 
Recent research related to the effect of HPP on lipid hydrolysis development can be 
pointed out. Thus, FFA content was found to be greatly reduced in frozen (5 months at 
–10 ºC) hake if previously submitted to HPP (150-450 MPa for 2 min),18 this effect 
increasing with the pressure level applied. In agreement with the current results, an 
inhibitory effect was observed when applying a 150-MPa treatment. This inhibitory 
effect on FFA formation was also observed during the frozen storage of fatty fish 
species such as Atlantic mackerel (S. scombrus) (125-200 MPa for 0 min followed by 9 
months at –18 ºC),28 Atlantic horse mackerel (Trachurus trachurus) (150-450 MPa for 
0-5 min followed by 3 months at –10 ºC)34 and sardine (S. pilchardus) (125-200 MPa 
for 0 min followed by 9 months at –18 ºC).29 
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Lipid oxidation development 
 In all cases, peroxides formation can be considered as low, all values remaining 
below a score of 8.5 (Table 2). A progressive formation of primary oxidation 
compounds was implied in most cases in fish corresponding to –10 ºC storage 
throughout the freezing and frozen storage steps; however, a definite trend could not be 
concluded in batches corresponding to the two other temperatures throughout storage. 
Concerning the effect of previous HPP, some higher values (p < 0.05) were obtained in 
pressurised fish when considering batches corresponding to –10 ºC (month 6), –18 ºC 
(9-12-month period) and –30 ºC (month 9). 
Taking into account the value observed for the initial fresh fish, the FR showed 
scarce increases throughout the frozen storage at all temperature conditions (Table 3). 
After the freezing step, a lower (p < 0.05) FR value was observed in samples previously 
submitted to pressure processing. However, a definite trend could not be concluded 
throughout the frozen storage period at any of the storage temperatures tested; 
nevertheless, an inhibitory effect on fluorescent compounds formation was observed at 
the end of the experiment in samples corresponding to –10 ºC storage. 
Data on PV and FR indicate that lipid oxidation development has not been 
especially important in the current process (i.e., frozen storage of a lean fish species; 
lipid content of current hake muscle: 4.70-5.55 g kg-1 muscle), so that a relevant effect 
of previous HPP could not be concluded. Contrary, a marked development of lipid 
oxidation (PV and FR determinations) was observed in hake stored at –10 and –30 ºC13 
as well as in other Gadoid fish species (cod, Gadus morhua, and haddock, 
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Melanogrammus aeglefinus).26 Also contrary to the current study, Vázquez et al.18 
observed a marked lipid oxidation development (determination of PV and FR) in frozen 
(5 months at –10 ºC) hake; furthermore, a previous HPP (150-450 MPa for 2 min) 
inhibited the formation of tertiary compounds (FR assessment) and maintained the 
content of primary ones (PV determination). No effect on TBARS (secondary lipid 
oxidation compounds) content was observed by Chevalier et al.35 in frozen (75 d at –20 
ºC) turbot (Scophthalmus maximus) fillets by applying pressure-shift freezing at 140 
MPa. Concerning fatty fish species, a marked lipid oxidation development was observed 
in mackerel (S. scombrus)28 and sardine (S. pilchardus)29 during frozen storage (9 
months at –18 ºC); in both studies, an inhibitory effect on this development (i.e., FR 
value) was observed as a result of applying a previous HPP (125-200 MPa for 0 min). 
 
CONCLUSIONS 
A high-pressure treatment (150 MPa for 2 min) was tested to comparatively 
analyse its effect on the quality of frozen hake stored at different temperatures (–10, –18 
and –30 ºC). It could be concluded that such previous treatment can partially slow down 
the development of different damage pathways resulting from relatively high storage 
temperatures, often present during breakdown of the cold chain throughout any of the 
commercialisation steps required. On the basis of the average values obtained, 
formation of degradative molecules such as DMA, FA, FFA and TMA could be 
inhibited partially in fish muscle when stored at the maximum recommended 
temperature (–18 ºC) and at a relatively high-temperature (–10 ºC) condition; 
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interestingly, such molecules are recognised as being responsible for strong sensory and 
nutritional quality losses during Gadoid species trading. In agreement to the negligible 
damage development at –30 ºC condition, no effect could be demonstrated for the 
previous pressure treatment. Current results have also shown that lowering the storage 
temperature showed to be more effective than the current HPP, this including a 
relatively low pressure condition. However, quality performances obtained by the 
current previous high-pressure treatment would justify a further research with 
commercial overview. 
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Figure 1: Dimethylamine (DMA) formation (mg DMA-N·kg-1 muscle)* in hake muscle 
frozen at different temperatures that was previously treated under 150 MPa for 2 min** 
* Average values of three replicates (n = 3); standard deviations are indicated by bars. 
For each frozen storage time, values accompanied by different letters (a-d) 
indicate significant differences (p < 0.05). Initial fresh value: 10.9±0.2 mg 
DMA-N·kg-1 muscle. Storage at –10 ºC was only carried out up to month 9. 
** Abbreviations of samples names: CT (control sample at month 0), CT-10, CT-18 and 
CT-30 (control samples throughout frozen storage at –10, –18 and –30 ºC, 
respectively), HPT (high-pressure treated sample at month 0), HPT-10, HPT-18 
and HPT-30 (high-pressure treated samples throughout frozen storage at –10, –
18 and –30 ºC, respectively). 
 
 
Figure 2: Formaldehyde (FA) formation (mg·kg-1 muscle)* in hake muscle frozen at 
different temperatures that was previously treated under 150 MPa for 2 min** 
* Average values of three replicates (n = 3); standard deviations are indicated by bars. 
For each frozen storage time, values accompanied by different letters (a-d) 
indicate significant differences (p < 0.05). Initial fresh value: 0.53±0.29 mg 
FA·kg-1 muscle. Storage at –10 ºC was only carried out up to month 9. 
** Abbreviations of samples names as expressed in Figure 1.  





Figure 3: Free fatty acid (FFA) formation (mg FFA·kg-1 muscle)* in hake muscle 
frozen at different temperatures that was previously treated under 150 MPa for 2 min** 
* Average values of three replicates (n = 3); standard deviations are indicated by bars. 
For each frozen storage time, values accompanied by different letters (a-e) 
indicate significant differences (p < 0.05). Initial fresh value: 51.65±1.49 mg 
FFA·kg-1 muscle. Storage at –10 ºC was only carried out up to month 9. 
** Abbreviations of samples names as expressed in Figure 1.  
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TABLE 1
Trimethylamine (TMA) assessment (mg TMA-N·kg-1 muscle)* in hake muscle 






–10 ºC –18 ºC –30 ºC
CT HPT
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CT HPT



















































* Average values of three replicates (n = 3); standard deviations are indicated in 
brackets. For each frozen storage time, values accompanied by different letters 
(a-e) indicate significant differences (p < 0.05). Initial fresh value: 0.88±0.21 mg 
TMA-N·kg-1 muscle. Storage at –10 ºC was only carried out up to month 9.
** Abbreviations of treatments: CT (frozen fish without previous high-pressure 
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TABLE 2
Peroxide value assessment (meq. active oxygen·kg-1 lipids)* in hake muscle frozen 





–10 ºC –18 ºC –30 ºC
CT HPT





















































* Average values of three replicates (n = 3); standard deviations are indicated in 
brackets. For each frozen storage time, values accompanied by different letters 
(a-c) indicate significant differences (p < 0.05). Initial fresh value: 1.93±0.82 
meq. active oxygen·kg-1 lipids. Storage at –10 ºC was only carried out up to 
month 9.










This article is protected by copyright. All rights reserved.
TABLE 3
Fluorescence ratio evolution* in hake muscle frozen at different temperatures that 





–10 ºC –18 ºC –30 ºC
CT HPT
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CT HPT



















































* Average values of three replicates (n = 3); standard deviations are indicated in 
brackets. For each frozen storage time, values accompanied by different letters 
(a-c) indicate significant differences (p < 0.05). Initial fresh value: 0.88±0.08. 
Storage at –10 ºC was only carried out up to month 9.
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